Fish keratocytes can generate rearward directed traction forces within front portions of the lamellipodium, suggesting that a retrograde flow of actin may also occur here but this was not detected by previous photoactivation experiments. To investigate the relationship between retrograde flow and traction force generation, we have transfected keratocytes with GFP-actin and used fluorescent speckle microscopy, to observe speckle flow. We detected a retrograde flow of actin within the leading lamellipodium that is inversely proportional to both protrusion rate and cell speed. To observe the effect of reducing contractility we treated transfected cells with ML7, a potent inhibitor of myosin II. Surprisingly, ML7 treatment led to an increase in retrograde flow rate, together with a decrease in protrusion and cell speed, but only in rapidly moving cells. In slower moving cells, retrograde flow decreased, while protrusion rate and cell speed increased. These results suggest that there are two mechanisms for producing retrograde flow. One involves slippage between the cytoskeleton and adhesions, that decreases traction force production. The other involves slippage between adhesions and the substratum, that increases traction force production. We conclude that a biphasic relationship exists between retrograde actin flow and adhesiveness in moving keratocytes.
Introduction
The forward motion of many cell types is accompanied by a retrograde flow of actin filaments within the extending lamella (Grebecki, 1994; Harris, 1994) . There has been much interest in this phenomenon as it was thought to reflect the mechanism by which the actin cytoskeleton applies force to the substratum during movement (Harris, 1994 ; Cramer, 1997) . However, the relationship between retrograde flow and traction force generation, is not known.
It is generally accepted that retrograde flow arises from myosin II dependent contractile forces that pull the cytoskeleton inward with respect to both the substratum and the cell margin (Lin et al., 1996) . In addition retrograde flow is dependent on actin polymerization at the leading edge to maintain a continuous supply of F-actin and thus the integrity of the cytoskeleton (Forscher and Smith, 1988) . Actin filament polymerization may also contribute to retrograde flow by "pushing" the actin meshwork backward from the leading edge (Fukui et al., 1999; Watanabe and Mitchison, 2002) .
Evidence for such a mechanism has been found in sea urchin coelomocytes where a retrograde flow occurs at the cell periphery, that is insensitive to myosin II inhibition.
However, retrograde flow that occurs closer to the cell body, where a high density of myosin II minifilaments is found, decreases following inhibition of myosin II (Henson et al., 1999) .
Although retrograde flow is undoubtedly an important aspect of cell movement it can limit the efficiency of protrusion by "subtracting" newly polymerized actin from the leading edge. For example, when the activity of myosin II is inhibited, the rate of retrograde flow decreases, while the rate of protrusion increases (Lin et al., 1996) . Consistent with this is the finding that retrograde flow rate is inversely proportional to growth cone advance (Lin and Forscher, 1995) and filopodial elongation (Mallavarapu and Mitchison, 1999) . Similarly, retrograde flow is rapid in stationary (Henson et al., 1999 ) and slow moving cell types such as nerve growth cones and (Lin et al., 1996) , fibroblasts (Wang, 1985) but has not been detected in rapidly moving keratocytes (Theriot and Mitchison, 1991; Lee et al., 1993) . The relationship between retrograde flow and protrusion is believed to be determined by a "molecular clutch" that regulates the 4 degree of mechanical coupling between the cytoskeleton and the substratum (Mitchison and Kirschner, 1988; Lin et al., 1994; Suter and Forscher, 2000) . For example, when the clutch is engaged, contractile forces that generate retrograde flow can be transmitted to adhesion receptors, which if immobilized on the substratum, will allow cells to exert traction forces against it. As a result, retrograde flow will decrease while the rate of protrusion increases because actin polymerization will now make a greater contribution to this process. Conversely, if the clutch is disengaged, slippage will occur between the cytoskeleton and adhesion receptors, thus increasing retrograde flow while simultaneously decreasing the rate of protrusion. In addition the decrease in mechanical coupling between the cytoskeleton and the substratum will reduce the amount of force that is transmitted to the substratum.
The molecular clutch is believed to consist of adhesion proteins such as talin, vinculin and radixin (Jay, 2000) that can form molecular linkages between the β1 subunit of integrins and F-actin. Talin is a particularly strong candidate for a clutch molecule, since it can bind both actin and β1 integrins (Horwitz et al., 1986 ) and its inactivation in chick DRG neuronal growth cones transiently inhibits filopodial extension and retraction.
Since the molecular clutch is essentially an adhesion complex, that can transmit contractile forces to the substratum, it will play a pivotal role in regulating the generation of traction force. In fact, it is already well recognized that adhesions influence both the magnitude and spatial pattern of traction force generation (Leader et However, in keratocytes that display a rapid "gliding" type of movement, the largest traction forces are usually oriented inwards at the lateral rear cell margins and perpendicular to the direction of movement. In addition cells that generate the largest traction forces tend to be slow moving and possess numerous focal adhesions (Leader et al., 1983; Munevar et al., 2001 ) compared with faster moving cell types.
According to the molecular clutch hypothesis, one would expect that regions of high retrograde flow to generate less force on the substratum than regions of slower flow, 5 where the molecular clutch is presumably engaged. However, it is difficult to reconcile this with the fact that in keratocytes, the largest traction forces are seen at the rear lateral edges, where a relatively high retrograde flow was first detected (Theriot and Mitchison, 1991 ; Lee et al., 1993) while much smaller tractions are produced at the leading edge, where retrograde flow was undetectable. In this study, we have transfected fish keratocytes with GFP-actin and used fluorescence speckle microscopy (FSM, WatermanStorer et al., 1998) to investigate the relationship between retrograde flow, traction force production, in relation to protrusion and rate of cell movement. The major advantage of FSM is that it allows the detection of much slower actin flow rates than either photoactivation or photobleaching techniques. This is because the collective appearance and disappearance of numerous fluorescent actin speckles, provide continuous markers of retrograde flow, over a time-scale of minutes, rather than seconds. Keratocytes are particularly well suited for this study since they have a broad, flat lamellipodium that is known to contain a homogeneous meshwork of actin filaments (Svitkina et al., 1997) which facilitates imaging of speckle flow. In addition keratocytes can maintain a relatively constant shape and rate of movement, which is important for the detection of either slow or small changes in retrograde flow rate, since actin filament dynamics is expected to be less variable. Furthermore, the spatial organization of traction forces together with rates of protrusion and retraction will be more stable than in cell types with more complex morphologies. 6 
Materials and Methods

Transfection of fish keratocytes
Fish epithelial keratocytes were cultured from Molly fish Poecillia sphenops scales as described previously (Lee et al., 1993) , between a 35 mm glass bottomed culture dish (WellCo) and a coverslip, using L-15 medium supplemented with ~10% fetal bovine serum (FBS). After ~ 48 hours in culture coverslips were removed and cell cultures were washed with phosphate buffered saline (PBS) containing Ca 2+ and Mg
2+
, followed by the addition of 2 ml of culture medium for 2 hours. Keratocytes were transiently transfected with the pEGFP-actin construct (CLONTECH Inc.) using the 
Fluorescent Speckle Microscopy
Prior to imaging, keratocyte cultures were washed briefly with calcium and magnesium free PBS, followed by a second 3 minute wash with a 1:1 mixture of PBS and Inc., Mountain View, CA) was used for image acquisition and hardware control.
Interference reflection microscopy
To observe changes in the dynamics and types of adhesions formed, the cellsubstratum separation distance was imaged using interference reflection microscopy (IRM). This was performed on a Leica DM IRB inverted microscope (Leica Co. 
Traction force microscopy
Gelatin substrata, whose top surface was embedded with 0.2um fluorescent marker beads, were prepared as described previously (Doyle, et al., 2002) . The most likely traction vector at each node of this mesh is then estimated by fitting the 8 displacement data using the formulas of Boussinesque relating substrate displacement to delta function forces acting at the substrate surface (Dembo and Wang, 1999) .
Image Analysis
Morphometric analyses were performed using Metamorph analysis software (Universal Imaging Corp., ). Analysis of actin speckle flow and protrusion rate was Unpaired data sets were collected by imaging a group (2-5) of keratocytes prior treatment and a different group afterward.
Immunofluorescence
Immunofluorescence staining was performed as described previously (Doyle Coverslips were mounted using Antifade light (Molecular Probes).
Shear flow experiments
To assess relative changes in cell adhesiveness, following ML7 treatment, shear flow experiments were performed as described previously (Moazzam, et al., 1997) .
Micropipettes with a tip diameter of ~6 um were made using a Flaming Brown (Figs. 1b and 1d ) to obtain measurements of retrograde speckle flow (with respect to the substratum) and protrusion rates. We found speckle flow rate to be inversely related to the rate of protrusion (Fig. 2a) . For higher protrusion rates, between 4-9 um/minute, retrograde actin flow rates were low ranging from 0-5 um/minute. For lower protrusion rates, between 0-4um/minute, retrograde flow rates varied from 2-10 um/minute. A similar inverse relationship was found between speckle flow and cell speed (Fig. 2c) emphasizing the interrelationship between the regulation of retrograde flow and cell movement. Together these data are consistent with the idea that a molecular clutch mechanism is regulating the degree of mechanical coupling between the cytoskeleton and the substratum. A further implication of these findings is that actin polymerization is constant while the proportion of newly polymerized actin that contributes to protrusion is controlled by the molecular clutch.
Myosin II inhibition leads to opposing effects in fast versus slow moving keratocytes
According to the molecular clutch hypothesis, retrograde flow is driven primarily by myosin II dependent contractile forces that cause the cytoskeleton to slip rearward with respect to cell-substratum adhesions (Mitchison and Kirschner, 1988; Lin et al., 12 1994; . Therefore, inhibition of myosin II in keratocytes is expected to reduce retrograde flow and increase the rates of protrusion, as has been observed previously in Aplysia growth cones (Lin et al., 1996) . To test this idea we used ML7 to inhibit contractility since it is a potent, highly specific inhibitor of myosin light Fish keratocytes exhibiting GFP-actin speckles, were observed for approximately one minute prior to addition of 10 uM ML7 and then for a further 1-3 minutes afterward.
The rates of actin speckle flow versus protrusion and cell speed were obtained as described above (Figs.2b and 2d) . In both treated and untreated keratocytes, retrograde speckle flow is inversely related to protrusion rate. However, after comparing the effects of ML7 treatment on speckle flow in each cell, we noticed that speckle flow was increased or decreased depending in the initial rate of protrusion. To determine the significance of these changes, cells were sorted into groups that had protrusion rates greater or less than 3.5 um/min, which we termed fast and slow, respectively. This value was chosen because it is the average for all protrusion rates, for untreated cells and it represents a break in the frequency distribution of these values (data not shown). In addition the majority of cells with fast protrusion rates were "fan" shaped, while cells with slow protrusion rates were often irregular or fibroblastic in shape (Fig. 1c ). For cells with fast protrusion rates we found that ML7 treatment led to a significant decrease in average protrusion rate, together with a significant increase in retrograde flow ( Fig. 4; movie GFPspeckle_1) for both paired and unpaired data sets (n=33). Conversely, if protrusion rate was initially below average, ML7 treatment resulted in an increase in protrusion and a decrease in retrograde flow rate ( Fig. 4 ; movie GFPspeckle_2), in both data sets but was only significant, for the unpaired data set, n=20. Together these data suggest that a reduction in contractility leads to disengagement of the molecular clutch, in 13 fast moving cells and hence decreases the efficiency of protrusion. However, in slow moving cells reduced contractility leads to engagement of the molecular clutch, thus increasing the efficiency of protrusion.
The inhibition of myosin II also led to opposing effects on speckle flow and cell speed, depending on whether the initial rate of movement was fast (>3.5 um/min) or slow (<3.5 um/min, Figs. 2c and 2d) . In fast moving cells ML7 treatment led to a decrease in speed and increase in retrograde speckle flow, whereas in slow moving cells, speed increased while flow rate decreased. This differential effect on cell speed was not specific to ML7, we found that 50 uM blebbistatin could produce a similar, though less pronounced effect (unpublished observation). Rose plots of individual cell movement
shows that the decrease in speed of fast moving cells, following ML7 treatment, is accompanied by a reduction in the directionality of cell movement as shown by the significant increase in persistency factor (Figs. 5a and 5b). Conversely, in slow moving cells, increased speed tends to be associated with greater directionality, that is reflected by the decrease in persistency factor, although this change was not statistically significant.
Inhibition of myosin II leads to a weakening of cell substratum adhesions
Since adhesions have been shown to weaken in response to decreased contractility These structures were found in only 30% of ML7 treated cells, (n = 23) and were sparsely distributed adjacent to the cell body. In addition vinculin staining was often noticeably weaker than in untreated cells (Figs. 7c and 7d ) and the lamellae were enlarged, consistent with an increase in protrusiveness.
The above findings provided a strong indication that ML7 decreases adhesiveness, so to test this possibility directly we performed shear flow experiments on single keratocytes before and after treatment with 10 uM ML7 (Fig. 7) . We found that a shear force of ~ 300 dynes/cm 2 caused slight peeling of the lamella in 56% of untreated cells, while only 7% could be detached completely. The most obvious effect of ML7 treatment was to increase the number of cells sheared from the substratum to 43%.
Another indication of a loss in adhesive strength was the increase in numbers of cells that Harris, 1994). According to this idea, traction forces are generated when a contractile cytoskeleton that is mechanically coupled to adhesion receptors, rakes inward against the substratum. Alternatively, since traction forces at the leading edge are relatively small, it is possible that retrograde flow at the leading edge represents slippage between the cytoskeleton and substratum bound adhesion receptors, as described by the molecular clutch hypothesis (Lin and Forscher, 1994; Lin et al., 1996) . This is consistent with our finding that retrograde flow is inversely proportional to both protrusion rate and cell speed. In addition, we found that retrograde flow rates (1-10 um/minute) in keratocytes, that are in the same range as those measured in Aplysia growth cones (Lin et al., 1996) and sea urchin coelomocytes (Henson, 1999 ). In addition, there is evidence that the molecular components of the molecular clutch are the same in keratocytes as in other cell types. For example, β1-integrins and talin that form cytoskeletal-substratum linkages is generally accepted that cell movement is most rapid when adhesion strength is at an optimum level, such that it is strong enough to stabilize newly formed protrusions at the front, but sufficiently weak at the rear for retraction to occur. However, cell movement is inhibited if adhesiveness is above or below optimum adhesiveness. Our IRM, immunofluorescence and shear flow data are in accord with a previous finding that ML7 treatment leads overall decrease in cell adhesiveness (Kaneko et al., 2002) . In fast moving cells, whose adhesiveness was presumably close to optimal, decreases in both the rate of protrusion and cell speed suggests that adhesion strength is now sub optimal (Fig.8c) . It is possible that ML7 leads indirectly to weakening of the cytoskeletaladhesion linkages so that the cytoskeleton can now slip backward, even though cytoskeletal contractility is reduced (Fig. 8a) . Consistent with this is the finding that cytoskeletal-adhesion linkage strength is dependent on force (Suter and Forscher, 2001; Choquet, et al., 1997) . In addition a reduction in cytoskeletal contractility has been shown to induce the disassembly of focal adhesions and reduce traction force production, as evidenced by the decreased wrinkling of a silicone rubber substratum (Leader et al., 1983 ; Chrzanowska-Wodnicka and Burridge, 1996) . The consequence of a slipping molecular clutch is that protrusion will be inhibited, because although adhesions are immobilized on the substratum, they cannot restrain the retrograde flow of actin, that could otherwise drive protrusion. The decrease in contractility will also inhibit retraction, resulting in an overall decrease in cell speed.
The increase in protrusiveness after ML7 treatment of initially slow moving keratocytes, resembles the response of Aplysia growth cones to myosin II inhibition (Lin et al., 1996) . However, it is important to note that in our experiments, a decrease in traction force occurs, that contrasts with the increased coupling between the cytoskeleton and adhesions seen in Aplysia growth cones (Suter et al., 1998a; Suter et al., 1998b; Suter and Forscher, 2000) . One explanation for this discrepancy is that prior to treatment, slow moving cells were too adhesive and generating large traction forces due to the raking of adhesion receptors against the substratum (Fig. 8b) . Direct evidence for raking is 18 provided by observations that adhesions can slide rearward with respect to the substratum in stationary fibroblasts (Smilenov et al., 1999) at the retracting cell margins moving keratocytes (Anderson and Cross, 2000) and motile sarcoma cells (Paku et al., 2003) .
Raking could also explain why large traction forces are observed at the rear of keratocytes, where retrograde flow was sufficiently high to be detected by photoactivation experiments (Theriot and Mitchison, 1991; Lee et al., 1993) . Therefore, by reducing contractile forces, adhesion raking is reduced and protrusion can occur more efficiently. Another way to view this effect is that cell adhesiveness has moved closer to the optimum level (Fig. 8c) . This is consistent with the increase in cell speed that occurs and suggests that in addition to promoting protrusion, reduced contractility may also We conclude that retrograde flow can result from either slippage of the molecular clutch or from adhesion raking. Although these two mechanisms may be indistinguishable from the appearance of retrograde grade flow, one major difference is that traction force production will be significantly lower when the clutch is slipping than when it is engaged and raking is occurring. Although we have discussed cytoskeletonadhesion slippage and raking separately, it is likely that these two mechanisms are regulated concurrently. This may explain why in some instances an inverse relationship between retrograde flow and protrusion rate has not been observed (Theriot and Mitchison, 1992; Royal et al., 1995) . Despite these exceptions, the highly conserved nature of both the structural components and regulatory mechanisms of the molecular clutch mean that our findings in keratocytes will be highly relevant to a general mechanism of motility.
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Figure legends
